Apoptosis is essential for numerous processes, such as development, resistance to infections, and suppression of tumorigenesis. Here, we investigate the influence of the nutrient sensing and longevity-assuring enzyme SIRT6 on the dynamics of apoptosis triggered by serum starvation. Specifically, we characterize the progression of apoptosis in wild type and SIRT6 deficient mouse embryonic fibroblasts using time-lapse flow cytometry and computational modelling based on rate-equations and cell distribution analysis.
Introduction
The capacity of cells to undergo programmed cell death or apoptosis is critical for numerous organismal functions, which range from development, to immunocompetence, to cancer resistance [1] . Dysregulation of apoptosis often leads to devastating diseases. For example, overactive apoptosis in neurons is the cause of degenerative diseases, such as Alzheimer's [2] and Parkinson's [3] ; insufficient apoptosis is the cause for the production of self-reactive immune cells, which in turn can cause numerous autoimmune disorders [4] , such as type I diabetes. Likewise, suppression of apoptosis is a key step in cancer initiation and progression, and p53-a master regulator of apoptosis-is the most commonly mutated gene in all human cancers [5] . Interestingly, it has been reported that the metabolic enzyme SIRT6 is also deleted in over 35% of cancers [6] , suggesting the role of this gene in controlling programmed cell death.
Sirtuins are a family of NAD-dependent enzymes which sense nutrient availability and adjust metabolic pathways to deal with possible changes [7] . This property of sirtuin enzymes had been proposed to mediate the ability of calorie restriction to extend longevity in numerous organisms, including single cell yeast [8] , fruit flies [9] , mice, and monkeys [10] . Interestingly, one member of this family, SIRT6 is shown to extend longevity of mice when overexpressed [11] , and genetic variants of this gene have been associated with the lifespan in humans [12] . SIRT6 possesses at least three distinct enzymatic activities, and one of its suggested functions is regulation of apoptosis [13, 14] , details of which we explore here.
The pathways that initiate and ensure progression of apoptosis are reasonably well documented [15] . However, the degree of influence of different factors that contribute to apoptosis is not known, and often described only qualitatively. To understand the dynamics of apoptosis, and more importantly the influence of nutrients and SIRT6 on such dynamics, we developed a computational model, which when paired with time-course experiments, allows us to extract numerical parameters associated with cell death. Specifically, we can evaluate the rates of apoptosis phases; these include sensitization to, initiation and progression of, as well as certain aspects of heterogeneity of cells at different stages of apoptosis. Information on how specific genes and/or therapeutics influence these parameters will aid our understanding of numerous disorders, for which dysregulation of apoptosis is a culprit. In this manuscript, we utilize our numerical model to quantitatively describe the impact of SIRT6 on nutrient-stressinduced apoptosis.
Results
To test the impact of SIRT6 on apoptosis in vitro, we used immortalized mouse embryonic fibroblasts (MEFs) derived either from SIRT6 knockout (KO) mice (Fig. 1A) or from their wild type littermates. We stressed these cells with a variety of insults, after which cells were stained with propidium iodide (PI) and Annexin V, and analyzed using flow cytometry to detect and quantify necrosis and apoptosis. We found that cells lacking SIRT6 resist apoptosis following a diverse array of insults (Fig. 1C-D) . When we challenged cells with rotenone, which inhibits complex I of the electron transport chain of mitochondria, 19% of wild type cells underwent apoptosis, while only 9% of SIRT6 KO cells did (Fig. 1C, 53% reduction of apoptosis). When we challenged cells with the proteasome inhibitor MG-132, 41% of wild type cells underwent apoptosis, compared to 12% of SIRT6 KO (Fig. 1D, 71% reduction of apoptosis). When we challenged cells with DNA damaging agent-etoposide, 41% of wild type cells underwent apoptosis, compared to 11% of SIRT6 KO (Fig. 1F, 72% reduction of apoptosis). By far the largest difference in survival between the SIRT6 KO and WT cells was observed with serum starvation stress. WT MEFs displayed 83% greater cell death than their KO counterparts (Fig.  1E) . Similar results were obtained among three independent batches of WT and SIRT6 KO primary cells collected from different mice. These results reinforce the central role of SIRT6 in nutrient sensing and apoptosis promotion, which warrants more detailed investigation. To study the impact of serum withdrawal and SIRT6 on the initiation and progression of apoptosis, we performed time-lapse experiments. SIRT6 KO or WT cells were subjected to one of the two treatments: normal tissue culture conditions or culture without serum for 72 hours. Every 12 hours, a subset of cells was collected, stained with PI and Annexin V, and analyzed using flow cytometry. At least 2000 cells were analyzed for every measurement time for each treatment (Fig. 2) . Notice an appearance of the pre-apoptotic and apoptotic populations of cells (cell populations positive for PI and Annexin V) as time progresses (Fig. 2) . The difference between SIRT6 knockout cells and WT can be clearly seen at 72 hours, when almost 60% of WT cells are undergoing apoptosis versus only 12% of knockout cells. Staining with PI and Annexin V is the most common method used to identify apoptotic cells [16] . Cells with negative stain for both dyes are considered normal (healthy). As apoptosis initiates, mitochondria release cytochrome C, which activates signaling cascades that mobilize proteases and nucleases, ultimately resulting in cells losing energy and membrane rigidity. Consequent inversions of the plasma membrane can be detected by Annexin V stain. Cells positive for Annexin V but negative for PI are at the early stage of apoptosis and we identify such cells as "pre-apoptotic". As apoptosis progresses, loss of the cellular membrane and the nuclear envelope integrity allows influx of PI, which fluoresces when bound to DNA. Cells positive for both Annexin V and PI are identified as "apoptotic". Rapid PI influx can also be caused by necrosis, therefore cells positive for PI, but negative for Annexin V are identified as "necrotic". As can be seen on flow cytometry plots (Figs. 1, 2), cells undergoing apoptosis have a distribution of staining intensities for both dyes. More importantly, there is a correlation between intensities (distributions tend to be diagonally elongated with respect to the X-, Y-axis), which is a phenomena we discuss later in the context of our analysis of staining distributions.
To model the initiation and progression of apoptosis in MEFs, we consider the known molecular pathways of apoptosis progression (Fig. 3A) . In normal conditions, cells receive prosurvival signals through various growth factor receptors, such as insulin receptor or growth hormone receptor. We designate fractions of such cells as C 1 . As growth factor signaling decreases due to serum withdrawal, pro-survival signaling, such as classical growth kinases: AKT, PI3K, and ERK would decrease their activity, which puts cells into still normal, but apoptosis "sensitive" state, which we designate as C 2 . The strength of growth signaling might vary from cell to cell, and in cases where signaling is strong enough, cells can divide, to produce two daughter cells. However, if signaling is sufficiently low, it will allow accumulation of early pro-apoptotic factors, such as Bad, BAX, and tBID, which will cause mitochondrial release of Cytochrome C and AIF (apoptosis induction factor). This cellular state, we designate as preapoptotic or A. We expect that these cells begin accumulating Annexin V staining, as activation of caspases causes destabilization of the cytoskeleton and thus the cell membrane. Finally, when caspases, such as caspase-3 and caspase-9 are fully activated, DNA fragmentation and cytoskeleton destruction will ultimately kill the cell. We expect these cells to be positively stained by both Annexin V and PI, and we designate the fraction of such cells as D. Additionally, cells can undergo necrosis, which we designate as N. Finally, the transition of cells from one state to another happens at certain rates. For example, we designate the rate of transition from C 1 to C 2 as S; and from A to D as G, etc. Using experimental data for the dynamics of apoptosis (Fig. 2) , we determined the fractions of normal: C (equal C 1 + C 2 ), pre-apoptotic: A, apoptotic (dead by apoptosis): D, and necrotic: N cells as the functions of time, t. For this, each fixed-time snapshot dataset was divided into four quadrants at PI 2000 A.U. and Annexin 4000 A.U. to yield the mentioned fractions of cells. These fractions were further adjusted by subtracting the background, selected to yield 100% normal cells at time zero. The quadrant cutoffs were selected for clear differentiation of the cell types for serum-starved WT cells at times past 60 hours, because for these cells at later times the differences between the various cell-type distributions were defined the best. C 2 , A, D, N) , which correspond to different stages of apoptosis (described in the text). The cell fractions of the types A, C, D, N at different time points were extracted from experimental data (Fig. 2) . Rate-equation modeling allows the extraction of rates, such as the rate of apoptosis initiation or the rate of apoptosis progression, all of which define the impact of manipulation (genetic or environmental, in our case SIRT6 mutation) on apoptosis dynamics. (B,C) Data (circles) and numerical model fits (lines, color-coded to the data) for various types of (B) serum-starved WT cells; (C) serum-starved SIRT6 KO cells. The values of the rates that allow best data fits are given in the panels.
The cellular state transition rates define the progression of apoptosis, and serve as a quantitative measurement for the strength of apoptosis stimulus and strength of intervention (genetic or environmental) that modifies cellular apoptosis. To calculate these rates, we developed a rate-equation model that describes the included processes as functions of time (Fig. 3) . The measured data provide the time dependence of the total count of normal cells, C(t). However, it is known that with time cells become more susceptible to initiating apoptosis (Fig. 3A) , and, interestingly, we found that setting up rate equations only for cell fractions C, A, D, and N, without accounting for this property is not sufficient to fit the experimental data. Indeed, data fitting necessitates designating the fraction of the cells that are still well resistant to becoming pre-apoptotic by C 1 , whereas the rest of the normal cells' fraction,
are cells susceptible to apoptosis initiation.
The set of rate equations used to calculate cell transitions through stages of apoptosis are:
= ,
Here all normal cells divide with the rate R, and furthermore, we assume that the produced daughter cells are both in the C 1 population. We also assume that C 2 cells (but not C 1 cells) initiate apoptosis at the rate Q; the C 1 cells join the C 2 population at the rate S; the rate of cellular necrosis is L; and the rate of apoptosis progression is G (the rates are schematically depicted on Fig. 3A ).
The rate-constant values for the set of equations (1-6) were obtained by least-squares fit of the data for the mentioned cell-type fractions. The results are given in Figs. 3B, 3C . The rate G was estimated independently to a good precision, because its determination depends on the population of pre-apoptotic cells. The pre-apoptotic cells are produced by the succession of processes with the rates Q, R and S, which makes the numerically fitted values of these three rates somewhat interdependent. Out of these, we found that the quality of the fit for the rate S is the best, whereas the rate R is determined the least precisely. The rate L of necrosis is not determined precisely here, due to the small fraction of such cells and the noise in the data. Its value is weakly correlated with the rate G, as the latter determines how many live cells (normal and pre-apoptotic) remain.
It is noteworthy that the values of Q, G, L are comparable to estimates obtained in our previous study [17] that used a similar numerical model to describe chicken fibroblast death due to Bursal disease virus infection. Specifically, the value for the rate of apoptosis progression, = 0.0303 hour −1 , fitted for the present data for WT serum-starved cells is close to that in [17] , = 0.0231 hour −1 , suggesting some sort of "universality" of the rates of cell-death processes. The rate of apoptosis initiation (rate Q, Fig. 3B ) is also close to that of "highlyinfected" cells [17] .
Discussion
Elucidating and quantifying the influence of SIRT6 on apoptosis dynamics is an example of what can be discovered using our model. Comparison of the rates that define apoptosis progression in WT and SIRT6 KO cells allows us to define the function of SIRT6 in this process. We find that the rate with which cells become sensitive to apoptosis (S) and the rate of apoptosis initiation (Q) is ~3 times slower for the cells that lack SIRT6. However, when apoptosis is initiated, the rate of apoptosis progression (G) is ~60% greater for the cells that lack SIRT6. These observations are intriguing, as they suggest that SIRT6 is involved in several distinct steps of apoptosis progression.
The rate of cell division (fitted parameter R) is much smaller than a typical value for cells not subject to stresses [17] . This is consistent with the observation that growth signaling provided by fetal bovine serum is necessary for rapid cell division [18] . Interestingly, we find that in the state of serum withdrawal, this rate is significantly higher in WT cells, which independently confirms that part of the SIRT6 function is to alter cellular metabolism in response to changing nutrient availability.
The intensity of cell staining by PI and Annexin V varies between individual cells, and the distribution generated by this variability can be analyzed further to extract additional interesting information (Fig. 4 ). An example of the fitted cell distributions by their degree of staining is shown (Fig. 4A, 4B ) for both the WT and SIRT6 KO cells after 72 hours of serum starvation. For wild type cells under serum starvation, normal, pre-apoptotic, and apoptotic groups of cells and their distributions are well defined. For example, the group of cells designated as necrotic (only positive for PI) constitutes only 1.1% of the total. The green dots used for a "bar-chart"-like representation of the data (Fig. 4A, 4B ) bin the fraction of the cells that have the amounts of two dyes in a square bin of the size ℎ = log 10 (10 4 A.U.) 50 ⁄ . Cells outside of the (10 A.U. − 10 5 A.U.) range were excluded from the analysis. The fitted peaked distributions (Fig. 4) were obtained as follows. For each of the cell groups separately, random-noise deviation from the average values, ( 0 , 0 ), was assumed, but with possible correlation in the distributions along the logarithmic "coordinates" = log 10 (PI, A.U.) and = log 10 (Annexin V, A.U.). Thus, the set of values for the staining within each cell type was fitted to the probability distribution that is Gaussian in two variables, but rotated angle in the ( , ) plane,
The peaks were normalized to the fractions of the corresponding cells.
Note that the expression describing the distributions, equation (7) depends on the fitted parameter . This parameter in indicative of the correlation between the processes of staining by different dyes, and interestingly, this angle is different for cells at different stages of apoptosis. To illustrate this further, we plotted the cross-section of fitted distributions, see Fig.  4C . The significance of the angle of rotation, , is that off-axes angles, e.g., ≃ 45°, indicate a correlation in the attachment of the two dyes. The attachment of both PI and Annexin V is limited by the integrity of the cell membrane, therefore some correlation is expected. Specifically, PI fluoresces when it is bound to DNA (though its delivery is also limited by the membrane permeability), and Annexin fluoresces when attached to the inverted parts of the (damaged) membrane. Correlations, therefore, would provide information about membrane mechanics of dying cells. Such information is generally of great interest in aging and Alzheimer's disease research, since Aβ peptides are proposed to induce death by damaging membranes of neurons [19] . We further investigated the behavior of locations of the cell staining distributions during apoptosis progression. Figure 4D demonstrates "travel" of the center of the computed distributions for the SIRT6 KO cells with time. To define the distributions for short times we did not subtract the background in all the four quadrants (as was done for all the other but this calculation). In our case, when apoptosis was induced by starvation, the distributions were reasonably static. However, the directional movement might be observed in some other cases.
We conjecture that net directional movement of cell staining distributions might be observed in cases when apoptosis is induced by DNA damaging agents, and could represent a process of DNA degradation. Such information might be of interest to researchers studying dynamics of cell death in response to chemotherapeutic treatments.
However, before considering information derived from the distributions of the dye-staining intensities as definitive, the use of the logarithmic data presentation, which has been widely utilized in the literature [20, 21] , but is in fact entirely ad hoc, should be questioned. Functions that relate the fluorescence intensities to measures of various types of cell-membrane damage that enable dye attachment or penetration, should be used instead (such functions are likely time-dependent and may be different for the two axes), but they are not known presently. Specifically, our data (Fig. 4) suggest that cells undergoing apoptosis not only have much larger dye amounts than normal cells, but also have the processes of the intake on the two dyes more correlated. However, the definitiveness of the latter conclusion depends on the variables used as the x and y axes, because their rescaling might change the angles.
In summary, our computational model combined with experimental data obtained from timelapse experiments can provide a novel approach to understanding apoptotic dynamics, as well as quantifiably measure the impact that genetic or environmental modulations have on the process of programmed cell death.
Materials and Methods
All resources generated from this study will be or already are openly shared with the research community.
Cell culture
Mouse embryonic fibroblasts were cultured in Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum and penicillin/streptomycin antibiotics. Several independent batches of primary cells were isolated from different mice and all demonstrated the described phenotypes. The identity of cells was verified visually and via SIRT6 immunoblotting with anti-SIRT6 antibodies.
Sodium-dodecyl-sulfate polyacrylamide gel electrophoresis and Immunoblotting
Cells were lysed in Radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris at pH 7.4, 150 mM NaCl, 1M EDTA, 0.25% deoxy chloric acid, and 1% NP-40) supplemented with protease inhibitor cocktail (Roche, Cat# 4693116001). The mixture was centrifuged and supernatant was taken. Protein levels were standardized using a Bradford protein assay. Protein was mixed with sodium dodecyl sulfate and electrophoresed in a 12% acrylamide gels. Proteins were transferred to a Polyvinylidene difluoride (PVDF) membrane (0.45uM) and the membrane was then immunoblotted with antibodies, diluted at concentrations recommend by the manufacturer, against the specific proteins being examined. In this study we used the following Antibodies: anti-SIRT6 (rabbit polyclonal, Sigma-Aldrich, Cat# S4322), anti-β-actin (mouse monoclonal, Abcam, Cat#ab8226).
Cellular Stresses
For inducing cellular stress and apoptosis the following treatments were used: Rotenone (10 µM), proteasome inhibitor MG132 (10 µM), serum starvation (fetal bovine serum was withheld from culture media), or etoposide (20 µM). Survival of cells was measured using flow cytometry 12 hours later, after cells had been stained with the apoptotic markers -Annexin and propidium iodide.
Flow cytometry
Mouse embryonic fibroblasts were collected from wells using Trypsin digestion. Cells were washed in Phosphate Buffered Saline (PBS) and then suspended in 100 µL of 1X binding buffer (10 mM HEPES, 140 mM NaCl, 2.5 mM CaCl 2 , pH 7.4) with 5 µL of Annexin conjugate and PI. After a 15-minute incubation another 400 µL of binding buffer was added and then at least 2,000 cells were analyzed using a 3 laser/ 8 color Beckton-Dickinson LSR II.
